ABSTRACT CDK12 (cyclin-dependent kinase 12) is a regulatory kinase with evolutionarily conserved roles in modulating transcription elongation. Recent tumor genome studies of breast and ovarian cancers highlighted recurrent CDK12 mutations, which have been shown to disrupt DNA repair in cell-based assays. In breast cancers, CDK12 is also frequently coamplified with the HER2 (ERBB2) oncogene. The mechanisms underlying functions of CDK12 in general and in cancer remain poorly defined. Based on global analysis of mRNA transcripts in normal and breast cancer cell lines with and without CDK12 amplification, we demonstrate that CDK12 primarily regulates alternative last exon (ALE) splicing, a specialized subtype of alternative mRNA splicing, that is both gene-and cell type-specific. These are unusual properties for spliceosome regulatory factors, which typically regulate multiple forms of alternative splicing in a global manner. In breast cancer cells, regulation by CDK12 modulates ALE splicing of the DNA damage response activator ATM and a DNAJB6 isoform that influences cell invasion and tumorigenesis in xenografts. We found that there is a direct correlation between CDK12 levels, DNAJB6 isoform levels and the migration capacity and invasiveness of breast tumor cells. This suggests that CDK12 gene amplification can contribute to the pathogenesis of the cancer.
INTRODUCTION
Cyclin-dependent kinases (CDKs) and their activating cyclin partners integrate numerous signal transduction pathways to regulate a variety of critical cellular processes (1, 2) . CDK12 (CRK7, CrkRS) is one of several CDKs that regulate transcription through the differential phosphorylation of the C-terminal domain (CTD) of RNA Polymerase II (3) . Specifically, CDK12 pairs with Cyclin K (CCNK) and phosphorylates the CTD to maintain processive elongation (4) (5) (6) (7) (8) (9) . CDK13 (CDC2L5, CHED), a paralog of CDK12, also pairs with Cyclin K and phosphorylates the CTD (4-6,10), How CDK12 and CDK13 regulate elongation remains poorly understood and their distinct contributions to transcription are unclear. Human CDK12 and CDK13 (∼164 kDa) are much larger than other CDKs (typically 33-56 kDa); in addition to their kinase domains, each has an arginine/serine (RS) domain and two proline-rich domains (3, (11) (12) . RS domains are commonly found in proteins that regulate pre-mRNA splicing (13) and proline-rich domains frequently function in signal transduction proteins (14) . These features led to the proposal that CDK12 and CDK13 may integrate signal transduction processes to coordinately regulate pre-mRNA transcription, splicing and alternative splicing (AS) (11, 12) .
Splicing of pre-mRNA is performed by the spliceosome, a large and dynamic complex composed of snRNPs (small nuclear ribonucleoproteins) and many accessory proteins (15) . Multicellular eukaryotes also carry out AS, a highly regulated mechanism for generating a diverse set of proteins from pre-mRNA precursors. It is estimated that 88-100% of human genes are alternatively spliced (16) and 15% of genetic diseases may stem from aberrant splicing (17) . AS is also increasingly recognized as a major contributor to cancer progression (18, 19) . AS is regulated through splicing factors that bind to cis-acting sequences on the premRNA and influence splice-site choice (20) . These factors include SR (serine/arginine-rich) proteins which contain RS domains, hnRNPs (heterogeneous nuclear ribonucleoproteins) and members of the RBM (RNA binding motif) family of proteins, all of which generally contain RNA recognition motifs. The expression of these splicing factors is often tissue-specific and the genes encoding them are commonly misregulated or mutated in cancer (19) . Furthermore, global transcriptome studies have found that depletion or inhibition of many of these splicing factors have broad effects on AS and often affects multiple types of AS events (21) (22) (23) (24) . There are reports of CDK12 and CDK13 regulating AS, mostly with model splicing substrates. Rat Cdk12 altered the splice site utilization of E1a model splicing substrates (25) and CDK13 affects constitutive and AS of TNF-␤ and E1a model splicing substrates, respectively (12) . In Drosophila, Cdk12 appears to regulate AS of Neurexin IV pre-mRNA during development (26) . There is also a report that depletion of CDK12 affects the splicing of SRSF1 in cultured human colorectal cancer cells (27) . A detailed understanding of how CDK12 and CDK13 globally affect AS is not known.
Several recent studies have implicated CDK12 in cancer pathology. The Cancer Genome Atlas (TCGA) project identified recurrent somatic alterations in CDK12 (bi-allelic deletions, genomic amplifications and mutations) in 13% of breast cancers and 5% of ovarian cancers (28) (29) (30) (31) . CDK12 mutations are commonly nonsense mutations or impair CDK12 kinase activity (32) and are frequently coupled with loss of heterozygosity (28, 33) . Recent studies show that CDK12 functions in maintaining genome stability. In cell-based assays and xenograft models, depletion or inhibition of CDK12 is associated with defects in DNA damage response (DDR) and decreases expression of genes involved in the homology-directed repair (HDR) pathway (5, 32, (34) (35) (36) (37) . A direct effect of CDK12 on the expression of HDR genes is currently under debate (38) . Although the best characterized alterations in CDK12 are mutations that likely disrupt its activity, the most prominent alterations in breast cancers are amplifications. CDK12 is located on chromosome 17, 165-267 kb proximal to HER2 (ERBB2), an oncogene that is frequently amplified in breast cancers. CDK12 is co-amplified with HER2 in 27-92% of breast tumors or tumor cell lines (39) (40) (41) (42) (43) (44) (45) (46) (47) . Similar to HER2, overexpression of CDK12 also correlates with high proliferative index and grade 3 tumor status based on tissue microarrays of invasive breast carcinomas (48) . It is unknown if CDK12 over-expression contributes to the pathogenesis of the tumor, or if it is predominantly a passenger within the HER2 amplicon. It is also noteworthy that in about 13% of HER2 + (HER2-amplified) breast tumors, the amplification breakpoint resides in the CDK12 allele and likely results in the functional loss of one CDK12 allele (35) . Recurrent CDK12-HER2 gene fusions in gastric cancers also result in impaired CDK12 protein levels (49) . In synthetic lethality studies with BRCA-deficient triple-negative breast cancer cells having acquired resistance to poly (ADP-ribose) polymerase (PARP) inhibition, treatment with dinaciclib, a pan-CDK inhibitor used in clinical trials, acts through CDK12 inhibition to re-sensitize these cells to PARP inhibitors (37) . However, it is currently unclear how alterations in CDK12 contribute to the myriad of changes seen in breast tumors.
To address the cellular functions of CDK12, we performed comprehensive and systematic genomic and proteomic analyses of CDK12 function in normal and cancer breast cell lines that include cancer cells with and without genomic amplification of CDK12. We sought to determine if a role of CDK12 in tumorigenesis and DDR could involve its hypothesized ability to regulate splicing or AS in addition to its role in transcription. Instead of having a general effect on transcription (27) or splicing, we found that CDK12 regulated the expression and AS of a distinct set of mRNAs in a cell type-specific manner. Furthermore, CDK12 predominantly regulated only the alternative last exon (ALE) subtype of AS. Functionally, events regulated by CDK12 potentiated tumorigenic processes such as cell invasion, suggesting that aberrant CDK12 expression may have oncogenic properties.
MATERIALS AND METHODS

Mammalian cell culture
The SK-BR-3 (ATCC, HTB-30) and MDA-MB-231 (ATCC, HTB-26) cells were provided as a generous gift from Dr M. Bally (British Columbia Cancer Agency) and were independently verified by Short Tandem Repeat (STR) profiling (The Centre for Applied Genomics, SickKids Hospital, Toronto, ON, Canada). The 184-hTERT cell line (L9 clone) was isolated and characterized as previously described (50) . SK-BR-3, MDA-MB-231 and 184-hTERT cells were cultured in McCoy's 5A media supplemented with 10% fetal bovine serum (FBS) (Invitrogen), Dulbecco's modified eagle's medium:F12 supplemented with 5% FBS and Mammary Epithelial Cell Growth Media (MEGM) (Lonza, CC-3150), respectively.
Antibodies
The polyclonal rabbit anti-CDK12 antibody was generated using a commercial service (ImmunoPrecise Antibodies Ltd) against a glutathione S-transferase (GST) fusion of the CTD of CDK12 as previously described (11) . Other antibodies used were: Anti-␤-actin (AB20272, Abcam), anti-ATM (Ataxia Telangiectasia Mutated) (AB2618, Abcam) and anti-DNAJB6 (H00010049-M01, Cedarlane Laboratories).
Quantification of RNA transcripts by qRT-PCR
Cells were harvested in Trizol (Invitrogen, 10296010) and total RNA was isolated using the RNeasy kit (Qiagen, 74106) as per the manufacturer's protocol. Two-step quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was performed using the SuperScript VILO cDNA Synthesis (Invitrogen, 11755) and the SYBR Select Master Mix (Applied Biosystems, 4472908) kits, run in 384-well format on the 7900HT Real-time PCR system (Applied Biosystems), according to the manufacturer's protocol. Primers used for qRT-PCR are listed in Supplementary Table S6 . Data analyses were performed using the RQ manager software (version 1.2.2, Applied Biosystems). All samples were normalized to ACTB and levels of TUBA1B served as a second internal control.
Transient expression of CDK12
Plasmids expressing 3×FLAG-CDK12 (6) or an empty vector control were transfected with polyethyleneimine (PEI, Polysciences, 24765) into SK-BR-3 cells. In brief, cells were grown to ∼80% confluence and transfected with plasmid DNA and PEI at a 1:3 ratio (wt/wt). Cells were harvested 48-72 h post-transfection and used for downstream analyses, including immunoprecipitation-mass spectrometry, western blot analysis and qRT-PCR. For scratch wound assays, transient expression of recombinant plasmids in MDA-MB-231 cells was performed using Lipofectamine LTX (Invitrogen, 15338100) as per the manufacturer's protocol.
Immunoprecipitation
SK-BR-3 cells (2-5 × 10
7 cells per replicate) were transfected with 3×FLAG-CDK12 or an empty vector control. At 72 h post-transfection, cells were harvested and lysed in 5 ml lysis buffer (Tris-buffered saline, pH 7.5, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1% NP-40, 0.05% wt/vol deoxycholate, 10 mM ␤-glycerophosphate, 2 mM Na 3 VO 4 and Roche cOmplete EDTA-free protease inhibitors) for 30 min at 4
• C. Lysed cells were passed through a 21G syringe, clarified by centrifugation at 12 000 x g for 10 min at 4
• C and mixed with anti-FLAG M2 magnetic beads (Sigma-Aldrich, M8823) overnight at 4
• C. Beads were washed three times with lysis buffer. For experiments with the benzonase endonuclease, beads were washed once in lysis buffer and twice with benzonase buffer (50 mM Tris pH 8.0, 20 mM NaCl and 2 mM MgCl 2 ). Beads were resuspended in 100 l benzonase buffer and 25 units of benzonase (Novagen, 70664) and incubated for 15 min at 25
• C. Beads treated with the same buffer and incubation conditions but not exposed to benzonase served as negative controls. To isolate immunoprecipitated proteins, beads were boiled twice, sequentially, in 40 l elution buffer (50 mM HEPES pH 8.5, 4% sodium dodecyl sulphate (SDS) and 5 mM dithiothreitol (DTT)) for 5 min. Eluted proteins were incubated for 30 min at 45
• C followed by alkylation with 1 l of 400 mM iodoacetamide for 30 min at 25
• C. Reactions were quenched by adding 2 l 200 mM DTT. Immunoprecipitated proteins were identified and quantified by tandem mass tag (TMT) labeling (ThermoFisher Scientific, 90406) and mass spectrometry, as described in Supplementary Methods.
Depletion of genes with siRNA
Sequences for all siRNA constructs used are presented in Supplementary Table S5 . CDK12 siRNA-1, CDK12 siRNA-3, CCNK siRNA, CDK9 siRNA and the scrambled control siRNA were previously described (6) . CDK12 siRNA-2 (Dharmacon, M-004031-03-0020) is composed of four unique siRNA constructs. CDK13 Stealth siRNA (Invitrogen) was designed against the 3 untranslated region (UTR) of the gene. Different methods were used for transfecting siRNA into the different cell types to achieve sufficient depletion (>70%) at the protein level. SK-BR-3 cells were transfected sequentially three times with CDK12 siRNA using Lipofectamine 2000 (Invitrogen, 11668019) as per the manufacturer's protocol over the course of 11 days to achieve a sufficient decrease in CDK12 protein expression. The scrambled control siRNA was likewise transfected. MDA-MB-231 cells were reverse transfected sequentially two times with CDK12 siRNA over the course of 7 days using Lipofectamine RNAiMax (Invitrogen) according to the manufacturer's protocol. 184-hTERT cells were transfected once with CDK12 siRNA using Lipofectamine 2000. Quantification of CDK12 protein depletion was determined by western blot (Supplementary Figure S2) .
Global proteome profiling
Biological triplicates of SK-BR-3 and MDA-MB-231 cells treated with CDK12 siRNA-1 or scrambled siRNA (∼2 × 10 6 cells per replicate) were harvested and lysed in 100 l SDS buffer (200 mM HEPES pH 8.5, 1% SDS, Roche cOmplete EDTA-free protease inhibitors) for 5 min at 95
• C. Twenty-five units of benzonase (Novagen) were added and the reaction was incubated for 37
• C for 30 min. Reduction (5 l of 200 mM DTT, 45
• C for 30 min) and alkylation (10 l of 400 mM iodoacetamide, 25
• C for 30 min) of proteins was subsequently carried out. Reactions were quenched by adding 5 l 200 mM DTT. Samples were prepared for trypsin digestion using the SP3 protein cleanup protocol as previously described (51) and labeled with TMT 10-plex kits (ThermoFisher Scientific, 90406). Analyses of TMT-labeled peptides were performed on an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Scientific). Mass spectrometry and data analyses are further described in Supplementary Methods.
RNA-seq
Library construction was performed on 4-5 g of total RNA (RIN ≥ 9.0 from Agilent 6000 Nano analysis, Agilent Technologies) using the ssRNA-seq pipeline for Poly(A)-purified mRNA libraries at the Michael Smith Genome Sciences Centre (52) . Biological triplicates of the mRNA libraries were sequenced on a Hi-Seq 2500 (Illumina) using 75 base paired-end sequencing. Analyses for differential gene expression and AS were performed with DESeq2 (53) and MISO (54) as described in Supplementary Methods.
RESULTS
CDK12 interacts with the splicing machinery
To investigate functional properties of CDK12, we identified proteins that it interacts with by performing immunoprecipitation and mass spectrometry on SK-BR-3 cells transfected with FLAG-tagged CDK12 ( Figure 1A ). SK-BR-3 cells are a HER2
+ epithelial breast cancer cell line where the CDK12 gene is co-amplified with HER2 and the CDK12 protein is over-expressed (35) . The CDK12-interacting proteins were highly enriched for RNA splicing function ( Figure 1B ) (55) and could be generally classified into core spliceosome components (pre-catalytic complexes A and B, and the associated Prp19 complex) and Table S1 ). (B) Interacting proteins were highly enriched for RNA splicing functions as determined by gene ontology analysis (55) . (C) CDK12-interacting splicing proteins can be generally divided into core spliceosome proteins (blue) and regulatory splicing factors (green, orange and brown).
regulators of constitutive and AS (SR proteins, RBM proteins and hnRNPs) ( Figure 1C and Supplementary Table  S1 ) (20) . The interactions between CDK12 and hnRNPs were sensitive to nuclease treatment ( Supplementary Figure S1 ) and were therefore likely dependent on RNA intermediates, such as the pre-mRNA upon which hnRNPs are assembled. By contrast, interactions between CDK12 and core spliceosome and SR proteins were largely unaffected by nuclease treatment. The universality of interactions between CDK12 and core spliceosome components was further supported by immunoprecipitation experiments in HEK-293T cells (27, 56) , Jurkat T-cells (57) and HeLa cells (58, 59) ; however, many of the regulatory splicing components differ across cell types. This could be a product of cell type-specific regulation or differences in experimental methodology. Together, these results suggest that CDK12 is a bona fide component of the splicing machinery.
CDK12 regulates alternative last exon splicing of genes with long transcripts and many exons
To explore the function of CDK12 in normal splicing regulation and in splicing misregulation in breast cancer, we performed mRNA sequencing (RNA-seq) on three breast cell lines: a HER2 + cancer cell line with CDK12 amplification (SK-BR-3), a triple-negative breast cancer cell line (MDA-MB-231) and an immortalized normal mammary epithelial cell line (184-hTERT). Cells were treated with a scrambled siRNA control or siRNA directed to CDK12 (CDK12 siRNA-1, Supplementary Figure S2 ). The RNAseq was performed on three independent pairs of CDK12 siRNA:scrambled siRNA samples for each cell line (Supplementary Figure S3 ), with 103 ± 11 million reads per sample, to enable the identification of low level AS events. To identify changes in RNA splicing events, we used the MISO package (54) , which applies a statistical framework to dis-tinguish eight different types of annotated AS events in pairwise RNA-seq comparisons. We identified 102 AS events common to all SK-BR-3 samples, 724 AS events common to all MDA-MB-231 samples and 86 AS events common to all 184-hTERT samples ( Figure 2A ). The regulation of specific AS events by CDK12 was cell type-specific and only 22 AS events were common to all three cell lines ( Figure  2B ). However, the mechanism of regulation appears conserved: 86, 61 and 79% of AS events observed in CDK12-depleted SK-BR-3, MDA-MB-231 and 184-hTERT cells, respectively, were ALE splicing. Furthermore, 92% of AS events common to two or more cell lines and 100% of AS events common to all three cell lines were ALE events (Figure 2B ). ALE events regulated by CDK12 had an average MISO | | value of 0.27 ± 0.13 (range 0.10-0.72; Figure  2C ) and the regulated genes were highly expressed with average FPKM (fragments per kb of exon per million fragments mapped) values of 20, 27 and 24 in SK-BR-3, MDA-MB-231 and 184-hTERT cells, respectively (Supplementary Figure S4A) . The cell type-specific AS effects we observed were likely not an indirect result of low gene expression, as genes with CDK12-regulated AS events in one cell type, but not in the other two cell types, had similar overall expression across all three cell types (Supplementary Figure S4B) . On a technical note, we observed that biological replicates for the RNA-seq analysis greatly increased the confidence of identified AS events associated with CDK12 depletion (Supplementary Figure S3 ). For example, in SK-BR-3 cells, ALE events represented 41, 81 and 86% of all AS events (n = 819, 202 and 102) after one, two and three replicates respectively. To further explore the universality of ALE regulation by CDK12, we performed MISO analysis on published RNAseq data of HCT-116 (colorectal cancer) cells treated with CDK12 shRNAs (27) . The experiments in HCT-116 were performed with two different shRNA constructs in duplicates. Consistent with our findings in breast cell lines, ALE events accounted for 33 and 41% of all AS types in HCT-116 cells for each of the two shRNAs, respectively (Supplementary Figure S5A ). All eight AS events common to the four cell lines were all ALEs (Supplementary Figure S5B ; CDK12 depleted by siRNA-1 (SK-BR-3, MDA-MB-231 and 184-hTERT cells) and either of the two shRNAs (HCT-116)).
The regulation of AS by CDK12 is largely cell typespecific, but the preponderance of ALE events suggests the regulated genes may possess common features. In 82% of all identified ALE events, CDK12 depletion resulted in the enrichment of mRNA isoforms utilizing the proximal ALE ( Figure 3A ). These results were independently validated by performing qRT-PCR on a select number of ALE events (n = 19) in cells depleted of CDK12; there was high correlation of values between the MISO and qRT-PCR data (Supplementary Figure S6A) . These observations were also not due to off-target effects; we obtained similar results with a different CDK12 siRNA construct (CDK12 siRNA-2; Supplementary Figure S6B ), but not with siRNA constructs targeting CDK9 or CDK13 (Supplementary Figure  S6C) .
It was previously reported that genes transcriptionally regulated by CDK12 generally had longer transcripts (5) . In our analysis, we found that the pre-mRNA transcripts All protein coding genes (n = 23 393) and genes with annotated ALE events (n = 4435) are compared to genes regulated by CDK12 via differential expression (DE, n = 10 653) or ALE splicing (n = 314) in SK-BR-3, MDA-MB-231 or 184-hTERT cells. Genes regulated by ALE splicing can be further subdivided into those that utilize the proximal ALE (− , n = 268) or distal ALE (+ , n = 64) after CDK12 depletion. Box plots denote the 10th, 25th, 50th, 75th and 90th percentiles. Red lines represent the means. Pairwise statistical comparisons performed using the Kolmogorov-Smirnov test (*P < 1 × 10 −6 , **P ≈ 0, n.s. not significant), and apply to both plots describing transcript length and number of exons, respectively.
of genes with ALE events regulated by CDK12 were significantly longer and had more exons than those transcriptionally regulated by CDK12 ( Figure 3B ). Genes with ALE events regulated by CDK12 also had longer transcripts and more exons than those from the total set of annotated ALEs ( Figure 3B ). This trend, however, was only observed for genes with greater utilization of the proximal ALE after CDK12 depletion (negative values) and not for genes with positive values after CDK12 depletion. Therefore, there is a correlation between pre-mRNA transcript length and a requirement of CDK12 to form longer transcripts by ALE splicing. Notably, only a small proportion of genes with long transcripts were regulated by CDK12. When considering all genes with annotated ALEs, only ∼3.5% with transcripts longer than the average were regulated by CDK12 (2.5, 6.9 and 1.3% in SK-BR-3, MDA-MB-231 and 184-hTERT cells; Supplementary Figure S7) . In other words, only a small subset of genes with long transcripts was regulated by CDK12, suggesting additional gene-specific factors direct AS by CDK12. Taken together, our results suggest that CDK12 associates with core spliceosome components and regulates ALE splicing of long transcripts in multiple cell types. Furthermore, native expression of CDK12 likely promotes the usage of distal ALEs, which largely correspond to longer mRNA transcripts.
Proximal ALEs regulated by CDK12 contain higher densities of polyadenylation motifs
While the regulation of ALE usage by CDK12 can be achieved through its association with regulatory splicing factors, it could also be influenced by transcription termination processes (such as alternative polyadenylation) initiated by termination signals in the 3 UTRs (60). To address this possibility, we searched for polyadenylation motifs in the 3 UTRs of proximal and distal ALEs that were regulated by CDK12 (Figure 4 ). We observed that the density of polyadenylation motifs was slightly increased in the 3 UTR of proximal ALEs regulated by CDK12, as compared to control ALEs not regulated by CDK12. If polyadenylation signals were the sole factor directing ALE splicing by CDK12, polyadenylation motifs should be enriched in the proximal ALE 3 UTR of all genes with negative values and not in any gene with a positive value. However, the distributions of polyadenylation motif density were broad and there was also a slight increase in the density of polyadenylation motifs in the proximal ALE 3 UTR of genes with positive values. This observation was made with less statistical confidence, likely due to the smaller number of ALEs with positive values, as compared to negative values. While gene-specific recruitment of polyadenylation factors may be involved, the regulation of ALEs by CDK12 likely involves additional mechanisms.
Tumors defective in CDK12 function exhibit misregulation of ALE splicing
Alterations in CDK12 have been described in numerous tumor types, including breast, ovarian, uterine, prostate, gastric and bladder cancers (29, 30, 35, 47, 49, 61) . The TCGA consortium has performed large-scale analyses on collections of tumor samples, including RNA-seq for 311 cases Methods) . ALE events are divided into those that result in greater usage of the proximal ALE ( < −0.1) and those that favor the distal ALE ( > 0.1) after CDK12 depletion. Box plots denote the 10th, 25th, 50th, 75th and 90th percentile. Red lines denote the means. **P = 7 × 10 −7 , *P = 0.03, n.s. not significant (Mann-Whitney U test, Benjamini-Hochberg corrected).
of ovarian serous cystadenocarcinoma (29) . CDK12 is recurrently altered in 6% of these cases ( Figure 5A and Supplementary Table S2 ). Tumors containing the CDK12 mutations are notably not amplified for HER2 and previous studies demonstrated that these ovarian cancer mutations impair the kinase activity of CDK12 in vitro (32, 36) . Therefore, these samples are well suited to explore the changes in AS as a consequence of modulating CDK12 function in tumors.
To analyze the regulation of ALE events by CDK12 in TCGA tumor samples, we used the MISO package to perform pairwise comparisons of tumor samples containing CDK12 alterations to tumor samples without CDK12 alterations ( Figure 5B ). For this analysis, we utilized data from four types of available TCGA RNA-seq samples (29) : tumors with CDK12 mutations (n = 7), tumors with biallelic CDK12 deletions (n = 3), tumors with genomic am- (29) . From this dataset, RNA-seq data were available for tumors containing CDK12 mutations (blue, n = 7; coupled to loss of heterozygosity, n = 6), bi-allelic deletions (green, n = 3) and amplifications (red, n = 4). (B) Using the MISO package, changes in AS (Bayes Factor ≥ 20) were determined based on the following comparisons: (i) CDK12 mutation versus control, (ii) CDK12 deletion versus control and (iii) CDK12 amplification versus control. Changes in CDK12-regulated AS events were compared to AS events found in control versus control comparisons. To obtain a similar number of comparisons in each scenario, each mutation sample (i) was compared to two unique control samples (n = 12 comparisons), while each deletion (ii) and amplification sample (iii) was compared to four unique control samples (n = 12 and 16 comparisons, respectively). Control versus control comparisons were likewise paired and performed in triplicate (n = 36, 36 or 48 comparisons). A total of 499 ALE events were queried, representing the aggregate of events found in the SK-BR-3, MDA-MB-231 and 184-hTERT experiments (gray boxes, SK-BR-3 ∪ MDA-MB-231 ∪ 184-hTERT). We also queried 22 ALE events common to all three cell lines (purple boxes; SK-BR-3 ∩ MDA-MB-231 ∩ 184-hTERT). Box plots denote the 10th, 25th, 50th, 75th and 90th percentiles. Red lines represent the means. The significances of comparisons (SK-BR-3 ∪ MDA-MB-231 ∪ 184-hTERT, gray lines; SK-BR-3 ∩ MDA-MB-231 ∩ 184-hTERT, purple lines) were determined using the Mann-Whitney U test (*P < 0.05, **P < 0.005, ***P < 1 × 10 −5 ).
plification of CDK12 (n = 4) and tumors with no alterations in CDK12 (n = 56 control samples). Six of the seven cases of CDK12 mutations were coupled to loss of heterozygosity. We queried the mutation, deletion, amplification and control samples for the occurrence of the 499 aggregate ALE events that resulted from CDK12 depletion in SK-BR-3, MDA-MB-231 and 184-hTERT cells (Supplementary Table S3). Each ALE event in CDK12-mutated tumors (with loss of heterozygosity) was found in 35% of comparisons on average (mutation:control), as compared to 19% of control (control:control) comparisons (P < 1 × 10 −5; Figure   5B (i)). When considering only the 22 events common to all three cell lines, each ALE event was found in 65 and 25% of mutation and control comparisons on average, respectively (P < 1 × 10 −5 ). Similar trends were obtained with tumors containing bi-allelic CDK12 deletions ( Figure 5B (ii)); each of the 22 ALE events common to all three cell lines were found in 38 and 20% of deletion and control comparisons on average, respectively (P < 0.005). The deletion:control comparison resulted in a smaller difference than the mutation:control possibly because of remaining CDK12 copies after a bi-allelic deletion in a polyploid background. Nev-ertheless, both sets of comparisons demonstrate that these ALE events occurred more frequently in tumors impaired in CDK12 function.
In breast cancers, CDK12 is commonly co-amplified with HER2. Similarly, the four ovarian tumor samples with CDK12 amplifications also contain HER2 amplifications. Unlike cases containing CDK12 mutations or deletions, the queried ALE events were found less frequently in tumors amplified for CDK12 (15% of amplification:control and 21% of control:control comparisons, P < 1 × 10 −5 ; Figure  5B (iii)). These observations with the CDK12-amplified tumor samples mirror our results in SK-BR-3 cells, where the ALE events were identified after depletion of CDK12 from an over-expressed state. Together, these results suggest that misregulation of ALE splicing occurs due to aberrations in CDK12 and support a functional role of CDK12 alterations in tumor development in ovarian tumors.
Regulation of gene expression by CDK12 is gene-and cell type-specific but modulates a core set of common pathways
The regulation of ALE splicing by CDK12 is both geneand cell type-specific, and only a small subset of regulated genes are common to multiple cell types. We therefore evaluated the effects of CDK12 on global gene expression to determine if its regulation of transcription was also gene-and cell type-specific. We analyzed the triplicate CDK12 siRNA and control siRNA RNA-seq data from SK-BR-3, MDA-MB-231 and 184-hTERT cells using DESeq2 (53,62), a program that utilizes replicate data to establish high confidence identification of differential gene expression. The analysis found that depletion of CDK12 resulted in small to moderate changes in gene expression ( Figure 6A ), affecting 3163, 10 245 and 3940 genes (p adj < 0.01) in SK-BR-3, MDA-MB-231 and 184-hTERT cells, respectively. These events were generally evenly divided into upregulated and downregulated genes in all three cell types. Of these events, only 386, 3699 and 671 exhibited more than a 2-fold change in gene expression in SK-BR-3, MDA-MB-231 and 184-hTERT cells, respectively ( Figure 6A and B) . A previous microarray study in HeLa cells found that after Cyclin K depletion, 3.9% of genes were downregulated and 2.6% were upregulated (5). Combined with our findings, these results contrast with a study in HCT-116 cells, which reported that 98% of differentially expressed genes were downregulated after CDK12 depletion (27) . In general, we observed very little overlap between the genes regulated by each cell type, with only 23 differentially expressed genes common to all three cell types ( Figure 6B ). Taken together, our observations suggest that similar to the regulation of ALE splicing, regulation of gene expression by CDK12 is highly gene-and cell type-specific.
While the regulation of individual genes by CDK12 differed across the three cell lines, an examination of the affected cellular pathways offered additional insight. Using Gene Set Enrichment Analysis (GSEA) (63), we found that in all three cell lines, loss of CDK12 downregulated similar pathways ( Figure 6C ). These include pathways involved in the cell cycle, DNA replication and repair and RNA processing and splicing. In general, these pathways support previously reported functions of CDK12 (5,27,32,34-36,64,65). Since these processes were previously identified in different cell types, they appear to represent universal functions of CDK12. The pathway analysis also aided in determining cell type-specific properties of CDK12. For example, depletion of CDK12 in SK-BR-3 cells decreased expression of genes associated with mitochondrial function (Figure 6C) . This trend was not observed in MDA-MB-231 or 184-hTERT cells. Instead, depletion of CDK12 in MDA-MB-231 cells upregulated pathways involved in translation. Depletion of CDK12 in 184-hTERT cells upregulated pathways associated with the plasma membrane, development and the extracellular matrix ( Figure 6C ). Taken together, these results demonstrate that while transcriptional regulation by CDK12 is largely gene-and cell type-specific, some cellular processes are commonly modulated by CDK12 activity in different cell types.
We next sought to determine how changes in gene expression due to CDK12 function manifest at the protein level to affect the expressed cellular phenotype. We applied a global proteomics approach to quantify alterations in protein expression after depletion of CDK12 in SK-BR-3 cells. Similar to the transcriptome data, only a small proportion of proteins were differentially expressed (n = 444, p adj < 0.01) after depletion of CDK12 ( Figure 7A ). Differentially expressed proteins were both upregulated (61%, mean fold change = 1.3) and downregulated (39%, mean fold change = −1.3). When compared to the matching RNA-seq data, we found that the proteome data represented a smaller subset of the transcriptome data ( Figure 7B ). Of the 11 072 expressed genes in the RNA-seq data (defined as FPKM ≥ 1), 7031 (64%) were identified at the protein level by mass spectrometry ( Figure 7B ). These 7031 proteins represent almost all of the 7651 total identified proteins (92%) in the proteomic analysis. There was a high correlation (r 2 = 0.88) in the fold change values of the 197 genes that were differentially expressed in a statistically significant manner in both the transcriptome and proteome datasets ( Figure 7C ). We note that 242 genes were significantly changed at the protein level and not at the mRNA level, and that 1136 mRNAs were significantly changed at the transcriptome level and not at the protein level. Pathway analyses demonstrated that the core functions of CDK12 (e.g. RNA processing and DDR) were all observed in the proteomics experiment ( Figure 7D ). Functions specific to SK-BR-3 cells, such as the involvement of mitochondrial processes, were also found at the protein level. However, the regulation of proteins involved in the cell cycle, which was prominent in the transcriptome data, was not significantly enriched in the proteome data. These results could reflect additional layers of regulation at the protein level, including the modulation of translation, post-translational modifications and protein turnover/proteolysis. An additional factor to explain this observation could be a dominant effect of HER2 over-expression on many pathways (66) . Consistent with this idea, loss of CDK12 significantly downregulates cell cycle and cell division proteins in MDA-MB-231 cells, which do not have HER2 amplification (Supplementary Figure  S8) .
Combined with the immunoprecipitation interactome experiments and AS RNA-seq analyses, these results establish a function of CDK12 in regulating splicing and modulating Nucleic Acids Research, 2017, Vol. 45, No. 11 6709 core cellular processes such as the DDR. We further showed that CDK12 can affect cell type-specific pathways, but not all cellular processes identified as regulated at the mRNA level are translated into expressed phenotypes.
CDK12 can modulate the expression of DNA damage response genes through multiple mechanisms
One of the most consistently reported functions of CDK12 has been the regulation of the DDR. Differential expression of specific DDR genes was first identified by microarray analysis (5) and changes in DDR pathways were determined from transcriptome analysis (27) . Furthermore, CDK12 depletion or inhibition was found to be synthetic lethal with PARP inhibition (32, 34, 35, 37) . This behavior is reminiscent of the sensitivity of BRCA1/BRCA2-deficient tumors to PARP inhibitors (67) (68) (69) , suggesting that similar to BRCA1/BRCA2, CDK12 may be specifically involved in the HDR pathway. Indeed, ovarian tumors containing CDK12 mutations exhibited downregulation of several HDR genes (36) . In our analyses, there were 10 DNA repair proteins (MDC1, LIG1, MCM7, PARP1, SFN, HMGB2, XRCC6, TDP1, XAB2, HMGB1) that were significantly downregulated in both the SK-BR-3 and MDA-MB-231 proteome data, and many more that were regulated in a cell type-specific manner (Supplementary Table S4 ). Furthermore, our AS data suggest that ALE splicing may be a significant mechanism of regulation by CDK12, especially for genes with long transcripts and many exons. One such example we identified was the gene encoding the ATM protein, a key regulatory kinase that responds to DNA doublestrand breaks and initiates the HDR pathway (70) . The canonical ATM isoform is a 350 kDa protein translated from a 13 147-bp transcript containing 63 exons (Supplementary Figure S9A ). Depletion of CDK12 in SK-BR-3 and MDA-MB-231 cells resulted in an increased usage of a proximal ALE, corresponding to the 32nd exon of the canonical isoform ( = −0.25 and −0.49, respectively). Using a monoclonal antibody targeting ATM residues 980-1512 (exons 20-30), we found that full-length ATM protein was decreased 3-fold after CDK12 depletion in SK-BR-3 cells (Supplementary Figure S9B) . While these data suggest that the expression of ATM could be regulated through AS, further experiments will be required to determine if this decrease occurs primarily by this mechanism. In 184-hTERT cells, however, ATM was not significantly regulated by ALE splicing; instead, treatment of 184-hTERT cells with CDK12 siRNA-1 resulted in a modest 1.5-fold transcriptional downregulation of ATM mRNA (p adj = 4 × 10 -5 ). While ALE splicing of ATM was cell type-specific, the regulation of INTS6 ALE splicing by CDK12 was common to all cell lines we examined. INTS6 (DDX26A, DICE1) forms a complex containing INTS3 and localizes to DNA damage sites where it participates in HDR activation (71) . Table S4) . By compiling our data and previously published results (5, 27) it is apparent that gene expression regulation and AS regulation of DDR genes by CDK12 is both cell type specific and gene specific.
CDK12 downregulates the long isoform of DNAJB6 and increases the invasiveness of breast cancer cells
Pathway analysis of differential gene and protein expression suggests that some CDK12 functions are conserved across cell types. In addition to cell type-specific regulation described above, we identified common ALE events that were regulated by CDK12 in multiple cell lines. From our experiments with SK-BR-3, MDA-MB-231 and 184-hTERT cells, and from the available datasets from HCT-116 cells (27) , we found that depletion of CDK12 promotes distal ALE splicing of the DNAJB6 (DnaJ homolog subfamily B member 6, MRJ) gene transcript (in SK-BR-3, MDA-MB-231 and 184-hTERT, avg = 0.24). In an analysis of TCGA RNA-seq data for tumors containing CDK12 mutations or bi-allelic CDK12 deletions (n = 18 comparisons; mutation/deletion:control), we found the DNAJB6 distal ALE event in 78% of comparisons on average, as compared to 46% of control (n = 54 comparisons; control:control) comparisons (Fisher's exact test P = 0.03). Unlike the long genes that were regulated in a cell type-specific manner, DNAJB6 encodes two small protein isoforms (36 and 27 kDa) from transcripts containing 10 and 8 exons, respectively ( Figure 8A ). The short isoform of the DNAJB6 protein (DNAJB6-S) is a cytosolic HSP40 family chaperone with implicated roles in Huntington's disease (72, 73) . By contrast, ALE splicing introduces a nuclear localization signal into the long isoform of DNAJB6 (DNAJB6-L) and therefore it operates primarily in the nucleus. Increased nuclear localization of DNAJB6-L has been reported to mitigate tumorigenicity and metastasis of breast and esophageal cancer cells (74, 75) . We found that treatment of SK-BR-3 cells with CDK12 siRNA-1 increased expression of DNAJB6-L with a concomitant decrease of DNAJB6-S expression ( Figure 8B and C) . This suggests that the high native CDK12 levels in SK-BR-3 cells can reduce the expression of DNAJB6-L, consistent with overexpression of CDK12 functioning to promote tumorigenesis. We tested this hypothesis functionally in MDA-MB-231 cells, where DNAJB6-L had been previously shown to decrease cell migration potential (74) . We first confirmed that treatment of MDA-MB-231 cells with CDK12 siRNA-1 increased gene and protein expression of DNAJB6-L ( Figure  8B-D) . To examine the cellular phenotype associated with CDK12 expression we used a scratch wound assay and live cell imaging of MDA-MB-231 cells as a functional test for cell migration (Figure 9 ). In separate assays we also coated the scratch wound with collagen-I to examine the ability of cells to invade into an extracellular matrix. Depletion of CDK12 by siRNA ( Figure 9A ) decreased the ability of MDA-MB-231 cells to migrate and invade into a matrix ( Figure 9B and C, 'Dep'). In this experiment, cells were pre-treated with Mitomycin C to inhibit cell proliferation to ensure that the changes in migration and invasion rates were not due to impaired cell growth caused by the siRNA treatment (Supplementary Figure S10A) . The same result was also observed using a different CDK12 siRNA construct (CDK12 siRNA-3), suggesting that these observa- tions were not due to off-target effects ( Supplementary Figure S10B) . Transfection of CDK12 siRNA-treated MDA-MB-231 cells with a CDK12 cDNA to re-introduce CDK12 ( Figure 9A ) recovered the migratory and invasive properties ( Figure 9B and C, 'Res'). Unlike SK-BR-3 cells, MDA-MB-231 cells do not over-express CDK12. Therefore, we also tested the effect of CDK12 over-expression on cell migration and invasion. Compared to a vector control, MDA-MB-231 cells transfected with a CDK12 cDNA decreased DNAJB6-L expression and were able to migrate and invade at a faster rate ( Figure 9A-C, 'OE' ). These experiments show that the ability of MDA-MB-231 cells to invade is correlated with CDK12 expression and inversely correlated with the expression level of DNAJB6-L ( Figure 9D ). Therefore, our results suggest that CDK12 can increase the invasiveness of a breast cancer cell line, likely through ALE splicing of the DNAJB6 gene.
DISCUSSION
CDK12 regulates ALE splicing in a gene-and cell typespecific manner
Prior to this study, the global effects of CDK12 on AS were uncharacterized and opposing conclusions had been made regarding its role in gene expression. While several studies proposed that CDK12 specifically affects a small number of genes (5, 76) , another report suggested that CDK12 depletion causes a global downregulation of transcription (27) . Here, we applied stringent criteria, combining RNAseq datasets in biological triplicates from three different cell lines to identify AS and differential gene expression events with high confidence. In our global analysis of these three cell lines and from analysis of RNA-seq data from a previous study (27) , we consistently identified ALE splicing as a novel mode of regulation by CDK12. The specific regulation of ALE events by CDK12 is striking, and contrasts to the broad effects across all classes of AS that occurs from inhibiting or depleting general splicing factors such as CLKs (21, 77) , hnRNPs (22) , SR proteins (23) and exon junction complex proteins (24) . Previous studies have implicated CDK12 in the 3 end processing of c-MYC in HeLa cells (78) and c-FOS in HEK293-T cells (56) . In these examples, it was proposed that through phosphorylation of the RNA Polymerase II CTD, CDK12 directs cleavage and polyadenylation of c-MYC and c-FOS transcripts. This is similar to the reported activity of the yeast homolog of CDK12, Ctk1 (79). However, Ctk1 lacks an RS domain and has no reported role in RNA splicing. It is therefore currently unknown how the Ctk1-like mechanism of regulation by CDK12 affects the total set of differentially expressed and alternatively spliced transcripts in humans.
It was recently proposed that following CDK9-dependent initiation of transcription, CDK12 is the predominant kinase responsible for regulating elongation, analogous to the roles of their respective homologs in yeast, Bur1 and Ctk1 (4). We found that the regulation of differential gene expression by CDK12 was limited to a small subset of genes and that the nature of this regulation was highly cell type-specific. These genes generally had long transcripts and a high numbers of exons, as previously reported for HeLa cells (5) . Using RNA Polymerase II occupancy experiments, a recent study also demonstrated that the effect of CDK12 inhibition on elongation is not global (80) . Chemical inhibition of CDK12 kinase activity resulted in reduced elongation processivity in a small number of target genes, resulting in decreased expression of those genes. Together, these observations suggest a parsimonious model where cell type-dependent factors regulate CDK12 at specific genes, whereupon CDK12 increases the processivity and/or rate of transcription elongation. Therefore, loss of CDK12 function manifests as the downregulation of targeted genes, especially those with long transcripts and are most reliant on productive elongation for expression. This model, however, does not explain how CDK12 depletion promotes the upregulation of genes, which accounts for almost half of all differential gene expression events in our data. Furthermore, it remains possible that CDK12 has a global effect, but CDK9 and CDK13 activity could largely compensate for the loss of CDK12 function after its depletion or inhibition.
Similar to its regulation of transcription, CDK12 also regulates ALE splicing of genes with long transcripts and high number of exons. This trend was significantly more pronounced in ALE splicing events regulated by CDK12, compared to differential gene expression events regulated by CDK12. Furthermore, in a majority of events, native CDK12 promoted the splicing of the longer mRNA isoform. In the most parsimonious interpretation, the processivity model can be extended to the regulation of premRNA splicing by CDK12, wherein CDK12 controls the processivity and/or rate of elongation to achieve successful splicing of one exon to the next exon. In the absence of CDK12, this splicing event is reduced and transcription defaults to termination and polyadenylation of what then becomes the last exon (the proximal ALE). While it is possible that this mechanism likely underlies ALE regulation by CDK12, this simple model alone cannot explain all our major observations. First, slow transcription elongation by RNA Polymerase II is typically associated with increased inclusion of alternative exon cassettes (81), which was not observed in our data. The specific regulation of ALE events in our dataset therefore suggests additional factors regulating this process. Second, the model does not explain how the proximal ALE is selected among all the exons within a long transcript, and how ALE splicing is distinguished from transcriptional regulation. Our analysis of RNA-binding motifs suggests that a subset of proximal ALEs regulated by CDK12 have a higher density of polyadenylation signals in the 3 UTR. CDK12 could therefore be required to bypass the tendency of the transcript to terminate and successfully splice to the next exon. However, the enrichment of polyadenylation motifs was also observed in instances where CDK12 activity promoted the shorter mRNA isoform. Furthermore, the genes affected by CDK12 ALE regulation were mostly different across the three cell types. Therefore, polyadenylation motifs are likely not the sole factor influencing the regulation of AS by CDK12. Lastly, the processivity and elongation model is inconsistent with CDK12-dependent splicing events that promote utilization of the proximal ALE, as was observed with a minority of genes (∼20%; positive values). Even though positive and negative events result in opposite directions of Figure S11) . Furthermore, identifying genes with decreased RNA Polymerase II processivity in this dataset was not predictive of ALE splicing regulation by CDK12 based on our data (Supplementary Figure S12 ). As an important caveat, these comparisons were made between different cell types, though the same conclusions can be drawn when considering only ALE events common to all three cell lines in our study. These common ALE events were also enriched in TCGA ovarian tumors with CDK12 alterations. Taken together, these observations suggest that processivity alone is not the sole differentiating mechanism for the specificity of ALE regulation.
Transcripts with positive values after depletion of CDK12 are not significantly longer nor contain more exons that those with ALEs not regulated by CDK12. One such gene, DNAJB6, is regulated by CDK12 in multiple cell types and tumors, suggesting a gene-specific regulation that differs from the possible length-dependent regulation common to other ALE events. Therefore, it is probable that regulation of AS by CDK12 also requires additional splicing factors such as the SR proteins, hnRNPs and RNA processing factors identified in our immunoprecipitation experiments. The regulation of only a small subset of genes that differ depending on cell type is possibly accomplished by the various tissue-specific splicing regulatory factors that associate with CDK12 or by signal transduction processes that regulate the action of CDK12 and/or its interacting proteins. Future studies should be aimed at determining the precise role of these regulatory proteins in CDK12-dependent regulation of transcription and AS.
Evidence for oncogenic properties of CDK12 in MDA-MB-231 cells
In line with our findings, experiments exploring the effect of loss-of-function mutations in CDK12 on the DDR suggest that CDK12 is a tumor suppressor gene. However, several observations show that CDK12 has properties that also resemble oncogenes. This is particularly pertinent in breast cancers, where CDK12 is frequently co-amplified with the HER2 oncogene. Over-expression of CDK12 is correlated with aggressive tumor behavior and poor survival (28, 31, 48) . Our RNA-seq experiments examining a breast cancer cell line over-expressing CDK12 (SK-BR-3 cells) identified AS splicing events that could promote tumorlike behavior. These events were also found in our analysis of TCGA RNA-seq data of ovarian tumors containing CDK12 amplifications. One notable AS event regulated by CDK12 and identified in multiple cell types and tumors was the ALE splicing of DNAJB6. Recent studies show that the long isoform of DNAJB6 (DNAJB6-L) suppresses cell migration and invasion in MDA-MB-231 cells (74) . While the mechanism driving this activity was unclear, it was dependent on the ALE splicing and subsequent nuclear localization of DNAJB6-L. Using the same MDA-MB-231 cell line model, we showed that CDK12 expression is inversely correlated with ALE splicing of DNAJB6-L. The ability of cancer cells to migrate and invade is a fundamental mechanism underlying tumorigenesis and metastasis (82) MDA-MB-231 cells can seed tumors in mouse models, and increasing DNAJB6-L expression decreases tumor growth and metastasis in athymic mice (74) . Therefore, the ability of CDK12 over-expression to downregulate DNAJB6-L through ALE splicing represents a specific cellular mechanism by which amplified CDK12 can increase the aggressiveness of breast cancer cells. This could be a significant factor contributing to the progression of HER2 + breast cancers, where CDK12 is co-amplified in 27-92% of cases (39) (40) (41) (42) (43) (44) (45) (46) (47) .
In this study, we applied a comprehensive genomic and proteomic approach to define the cellular functions of CDK12 and to investigate its effect on breast cancer cell lines. We showed that in multiple cell lines, CDK12 regulated a core set of cellular processes including RNA processing and DNA repair. We also found that CDK12 regulated ALE splicing, primarily of genes with long transcripts and a large number of exons. While this regulation mechanism appears conserved, the affected genes are highly cell type-specific. CDK12 regulated splicing of DNAJB6, whose nuclear localization attenuates tumor invasion. In MDA-MB-231 cells, CDK12 promoted migration and invasion in a dose-dependent manner. Together, these results show how loss of CDK12 can disrupt DNA repair and also suggest an AS-dependent mechanism by which CDK12 over-expression can increase the tumorigenicity of breast cancer cells.
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